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ABSTRACT: Emulsion-templated polymerizations are an attrac-
tive route to prepare porous materials that possess broad tunability
by controlling the features of the emulsion template. Emulsion-
templated polymer materials possessing shape memory behavior
have also been reported, usually using (meth)acrylate monomers.
However, achieving shape memory properties in emulsion-
templated materials with polymers that do not possess accessible
thermal transitions, including polydimethylsiloxane (PDMS),
remains challenging. Here, porous PDMS materials have been prepared with stearic acid within the continuous phase of the
emulsion template. The inclusion of stearic acid imparts the material with a transition temperature of ∼70 °C, and the porous
materials in this work obtained fixity >90% and recovery >95% over multiple shape memory cycles. These results demonstrate how
low glass-transition temperature emulsion-templated polymer materials can easily be given shape memory properties. This work
should be a starting point for studies of elastomeric emulsion-templated polymer materials in applications, including in soft robotics.

■ INTRODUCTION

Shape memory polymers1 (SMPs) are a type of stimuli-
responsive smart material2−5 where temporary shapes can be
programmed or “fixed” through network immobilization and
the initial shape recovered upon exposure to a stimulus. SMPs
have been used in a variety of applications, including for wire
insulating, pipe corrosion resistance, biomedical devices, and
artificial muscles.6−10 Examples of stimuli that have been
studied include heat,11,12 electricity,13 and pH.14 When heat is
used as a stimulus, SMPs are called thermoresponsive shape
memory polymers.15 Thermoresponsive SMPs use a material’s
thermal transition temperature (Ttrans) as the temperature at
which a material will undergo deformation and fixation or
recover to the original shape. Fixing a thermoresponsive SMP
into its temporary shape requires heating the material above its
Ttrans, deforming the material into a temporary shape, then
cooling the SMP under deformation to “lock in” the temporary
shape. The material in the temporary shape can be reheated
above the transition temperature again to return to its initial
processed shape.16,17 For example, Liu and co-workers18

designed a nanocomposite shape memory polymer from
polycaprolactone, polyethylene glycol, and cellulose nanocryst-
als. The materials exhibited shape memory properties when
heated past 37 °C, making them suitable candidates for
surgical devices or self-tightening sutures that respond when
subjected to the body’s physiological conditions.
Porous polymer materials can be designed to possess

advantageous properties including compressibility19−21 and
elasticity,22−24 which when combined with their internal
porosity enable these materials to be used in applications
such as acoustic waveguiding,25−27 size/chemical exclusion

filtration,28 and cell proliferation.29 One method to synthesize
porous polymers is through using an emulsion templating
approach.30 With this route, monomers are dissolved into a
continuous phase that is immiscible with the dispersed phase
of the emulsion template. The monomer in the continuous
phase of the emulsion is polymerized, and the dispersed phase
is removed resulting in a porous network. Polymerized high
internal phase emulsions (PolyHIPEs) are a class of porous
polymer that are polymerized from an emulsion template
where the internal phase of the emulsion constitutes more than
74% of the volume fraction.31 Formally, a medium internal
phase emulsion (MIPE) has an internal volume fraction of 24−
74%, while a low internal phase emulsion (LIPE) possesses less
than 24% volume fraction of the dispersed phase.32

Shape memory behavior has also been reported in several
porous polymer materials.33−36 For example, Silverstein’s
group37 introduced polyHIPEs with shape memory properties
prepared from acrylate and methacrylate monomers bearing
long crystallizable side chains, where the Ttrans could be tuned
by modifying the chain lengths on the monomers. An example
of porous poly(ethylene glycol)-poly(caprolactone)-polydime-
thylsiloxane (PDMS) urethane materials possessing shape
memory properties was reported by Ang et al.38 These
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materials were not thermoresponsive but could respond to
solvation in water due to the crystallization of poly-
(caprolactone) segments achieving recovery values of ∼25 to
60%. However, these materials were prepared through
electrospinning and not emulsion templating. Polydimethylsi-
loxane has become ubiquitous in material chemistry
applications due to its ideal material properties such as good
thermal stability,39 optical transparency,40 and high flexibil-
ity.41

Several groups have introduced shape memory polymers
that incorporate PDMS as a soft segment in their design owing
to its relatively low glass-transition temperature.42−45 For
example, the Craig group46 synthesized SMPs from a PDMS/
spiropyran network, which provided covalent bond activation
coupled with macroscopic reversibility. These materials were
flexible and changed color in response to stress. To the best of
our knowledge, there are no examples of a homopolymer
network made from PDMS capable of shape memory behavior
due to the lack of a switchable hard-segment or functional
groups for network immobilization. Thus, preparing porous
shape memory PDMS as the only polymer remains a challenge.
Herein, we were inspired by the work of Cavicchi’s

group,47,48 who modified natural rubber to possess shape
memory behavior. In their work, rubber bands were swollen in
molten stearic acid at 75 °C, which, upon cooling, resulted in
materials with a permanent network derived from the rubber
bands and a temporary network derived from the formation of
microscopic stearic acid crystals across the rubber bands. The
Ttrans of the material was provided by the melting temperature
of stearic acid at ∼70 °C, which gave shape memory
performance with a reproducible 100% fixity and over 95%
recovery. Cavicchi and co-workers49 later demonstrated that
the concentration of molten stearic acid solution (dissolved in
isopropyl alcohol) correlated with the fixation of elastomeric
foams, where higher concentrations resulted in better fixity in
the foam. Since the materials in that work were porous, we
hypothesized that the same chemistry would be effective in
imparting shape memory behavior into polyHIPEs. In our
work, we have synthesized porous SMP emulsion-templated
polymers by premixing molten stearic acid with polysiloxanes
in the continuous phase during the emulsification process
before cross-linking. In our work, we have chosen to target
materials with 65 and 30% total porosities; therefore, these fall
under the classification of polyMIPEs. The incorporation of
stearic acid into the polyMIPEs resulted in over 90% fixity and
95% recovery for up to 4 cycles of deformation. We anticipate
that these PDMS-based SMPs will find uses in various
technological fields such as soft robotics and deployable
structures.

■ MATERIALS AND METHODS

Materials. The monomer 1,3,5-trivinyl-1,3,5-trimethylcyclotrisilox-
ane (TV3) was purchased from AK Scientific (Union City, CA).
Pyridine was purchased from Fisher Scientific (Hampton, NH).
Chlorotrimethylsilane (TMSCl) was purchased from Oakwood
Chemical (Estill, SC). The polymers [13−17% (mercaptopropyl)
methylsiloxane]-dimethylsiloxane copolymer (“thiolated PDMS”)
(3500 g/mol), vinyl-terminated PDMS (vinyl-PDMS) (6000 g/
mol), and (30−35% dodecylmethylsiloxane)-[7−10% hydroxy-
(propethyleneoxy (6−9) propyl) methylsiloxane] (55−65% dime-
thylsiloxane) terpolymer (Silube J208−812) were purchased from
Gelest (Morrisville, PA). The photoinitiator 2,2-dimethoxy-2-phenyl-
acetophenone (DMPA), reagent-grade dichloromethane (DCM),
stearic acid, and the catalyst 1,5,7-triazobicyclo4.4.0dec-5-ene

(TBD) were purchased from Sigma-Aldrich (St. Louis, MO). All of
the reagents used in this work were used as received.
Methods. Synthesis of Poly(methylvinylsiloxane) (PMVS).

Pendant vinyl siloxanes were synthesized using a modified procedure
from the literature50 with a ring-opening polymerization of cyclo-
trisiloxane initiated by water. In a representative synthesis, a 250 mL
round-bottom flask was flame-dried and charged with a magnetic stir
bar and septum. The flask was placed under a N2 atmosphere while
the monomer TV3 and water were injected into the flask at a 15:1
molar ratio of monomer to water. A solution containing 0.15 mol
equiv. of TBD with respect to water in (0.75 mL THF/gram of
monomer) was then added to initiate the reaction and left to stir for 6
h at 30 °C. To halt the reaction and cap the polymer ends, pyridine (8
eq. with respect to water) and TMSCl (5 equiv) were added. Solvents
were removed by bubbling N2 through the reaction medium. The
crude resin was washed three times with MeOH (75 mL) to yield a
colorless oil (3.7 g, 61% mass recovery). The polymers were
characterized using 1H NMR and 13C NMR spectroscopy (Figures
S1 and S2) and gel permeation chromatography (GPC). 1H NMR:
(CDCl3, 400 MHz), 5.95 ppm (m, 2H), 5.8 ppm (dd 1H), 0.14 ppm
(s, 3H). 13C NMR: 136 ppm (s, CH2), 133 ppm (s, CH), −0.44 ppm
(s, CH3). The PMVS samples used in this study were Mn ∼ 14,000
g/mol with Đ = 1.15.

Preparation of MIPEs. In a typical experiment, silube (1.0 wt %
w.r.t. polymers), thiolated PDMS (1.0 mol equiv), divinyl PDMS (0.5
mol equiv), PMVS (0.5 mol equiv), and stearic acid (28 wt % w.r.t.
polymers) were added to a medium glass vial to produce the
continuous phase of the emulsion template and heated to ∼80 °C
until all of the stearic acid solids were melted. Water was emulsified
into the vial containing siloxanes and stearic acid to produce either 30
or 65% volume fraction dispersed phases while keeping the vial hot
with a heat gun and periodically vortexing the mixture. The emulsions
were then photoinitiated by adding DMPA (5.0 wt % w.r.t. polymers)
with a minimal (∼0.2 mL) amount of dichloromethane solvent.

PolyMIPE Synthesis. The emulsion templates were immediately
exposed to UV radiation (λ = 365 nm) for 6 min without allowing the
emulsion to cool. The cross-linked materials were removed from
molds and allowed to dry at ambient conditions for 5−6 days until
constant weight and then briefly rinsed in THF and set to dry until
constant weight. The cross-linked polymer was analyzed using solid-
state 13C NMR without the inclusion of stearic acid to observe the
disappearance of vinyl groups after the thiol−ene reaction in the
continuous phase of the MIPEs (Figures S3 and S4).
Shape memory properties were quantified using cylinder-shaped

samples cut to ∼6 to 7 mm height with ∼20 mm diameter. The
samples were placed in boiling water for 1 h and then immediately
removed and placed between 2 warm glass slides inside a circular
mold of height ∼3 mm. The sample was then compressed between
the slides to match the height of the circular mold at ∼3 mm. The
slides were held with 2 office clamps, one on each side, and left at
room temperature for 6 h. After this time, the samples were removed
from the slides and left for 3 h at ambient conditions. Then, the
samples were placed back into boiling water for 1 h, removed and
dried, and their dimensions were measured using digital calipers. In
each case, the height from the same face of each cylinder was used for
measurement. The fixity and recovery were calculated with the
following equations

= ×F ( / ) 100%f c (1)

= ×R ( )/( ) 100%
if r f (2)

where the initial strain (εi), compressed strain (εc), fixed strain (εf),
and residual strain (εr) are obtained by

= l l l( )/
x x i i (3)

where lx is li, lc, lf, or lr, having the same subscript as εx.
Total porosity was determined on dry polyMIPEs using an in-

house Archimedes balance.51 After calculating the measured density,
the total porosity (Φexp) was calculated using eq 4

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.4c00457
Macromolecules 2024, 57, 6796−6804

6797

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c00457/suppl_file/ma4c00457_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c00457/suppl_file/ma4c00457_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c00457/suppl_file/ma4c00457_si_001.pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c00457?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


= *1 ( / )exp 0 (4)

where ρ0 is the average density of nonporous PDMS (0.975 g/mL)
and ρ* is the measured density of a polyMIPE sample. Fixity as a
function of time was assessed for both porous and nonporous versions
of these composites. Samples were fixed using the above procedure
and left at ambient conditions. The fixity was measured at 2, 6, 18,
and 36 h.
The recovery of the polyMIPEs was monitored as a function of

temperature to characterize the transition temperature of the fixed
network. Fresh polyMIPE cylinders were programmed by heating and
then placing them in a circular mold between two glass slides as
detailed above, and their lengths were recorded. The fixed polyMIPEs
were then placed in water baths at set temperatures for 1 h. The
length of the polyMIPE was then recorded again. The temperatures of
the water baths were set from 60 to 85 °C in steps of 5 °C. The shape
memory properties were demonstrated using either an oven or a heat
gun to program and trigger shape memory properties. In these
experiments, ∼65% total porosity materials were used following the
same procedure outlined above except with alternative heating
mechanisms (Figure S8, Tables S5 and S6).

1H and 13C{1H} NMR spectra were collected on a Bruker AV 400,
and the data were analyzed using MestreNova 14 software. Gel
permeation chromatography (GPC) was performed to determine the
molecular weight of PMVS using an Agilent 1200 series HPLC with
filtered toluene (0.1% ethylbenzene w/v) eluent at a rate of 0.5 mL/
min equipped with an Optilab rEX differential refractometer (light
source 658 nm) detector calibrated against polystyrene standards and
analyzed with ASTRA v. 6.1.0 software. The rheological behavior of
the polyMIPEs was collected on a DHR-20 from TA Instruments
operating in compression mode of up to 30% compression of the
material. Young’s moduli were obtained from the linear slope of the
linear elastic region of each stress−strain curve from 0 to 10% strain.
The pore morphology of polyMIPEs was imaged on a scanning
electron microscope (SEM) (Low-Vac, FEI XL-30) equipped with an
EDAX detector. Cross-sectional cuts of the material were placed on a
copper wire and imaged at an accelerating voltage of 10 kV. Shear
storage moduli were measured using a PerkinElmer dynamic
mechanical analyzer (DMA-8000) and analyzed with Paris software.
PolyMIPE samples were cut to ∼3 mm thick, ∼7 mm long, and ∼3

mm wide. Frequency sweeps were performed in a rectangular-tension
geometry (0.1−70 Hz; 0.01 mm strain) on three separate samples for
each type of material.

■ RESULTS

Our group has previously reported the synthesis of open-cell
PDMS PolyHIPEs prepared using PMVS with sufficient cross-
linking density to support high internal porosities.51 In that
work, PMVS was cross-linked with thiolated PDMS chains
using UV light-photoinitiated thiol−ene Michael addition
“click chemistry” reactions to produce polyHIPEs with total
porosities of over 74%. In this work, we chose to use PMVS to
provide a high compressibility for shape fixing during repeated
cycles of deformations in SMP testing while avoiding bulk
material damage. We synthesized PMVS according to Scheme
1.
We prepared the emulsion templates by dispersing an

aqueous phase into the continuous phase consisting of stearic
acid, polysiloxanes, and the DMPA photoinitiator with a small
amount of dichloromethane (∼0.2 mL). Each emulsion was
irradiated for 15 min, and the dispersed phase was removed by
drying the polyMIPE at ambient conditions for 5−6 days until
constant weight was achieved. The cross-linking reaction
between polymers within the continuous phase is shown in
Scheme 2.
We mixed the polysiloxanes with stearic acid in the emulsion

template rather than dip-coating preprepared foams to prepare
porous polymers with shape memory properties. We chose this
route over dip-coating the polyMIPEs, as we observed a loss of
internal porosity when immersing the prepared polyMIPEs
into liquid stearic acid. For example, the total porosities of the
polyMIPEs decreased from ∼60 to ∼20−30% following the
inclusion of stearic acid into the preprepared porous materials.
In contrast, melting the stearic acid into the polymers before
emulsification maintained the templated internal porosity in
the final materials. We prepared emulsion templates at two

Scheme 1. Organocatalytic Ring-Opening Polymerization of Cyclotrisiloxane Initiated by Water for the Synthesis of
Poly(methylvinylsiloxane)

Scheme 2. Thiol−Ene Reaction in the Continuous Phase of the Emulsion Template Resulting in a Cross-Linked Network
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different internal phase volume fractions. Lower total porosity
(∼30% porosity) samples were made from 30% internal phase
volume fraction emulsions, while higher total porosity (∼60%
porosity) samples were made from emulsions containing an
∼65% internal phase volume fraction. We anticipated that
differences in the shape memory performance of these
materials could occur as a result of the different pore sizes
and pore wall morphologies anticipated at these two porosities.
When we attempted to stabilize emulsions with internal phases
higher than 65%, we observed complete phase separation of
the emulsion due to the large amount of stearic acid disrupting
emulsion stability. This is why, formally, only MIPEs and
polyMIPEs are used in this work, and we did not prepare HIPE
templates. We used 28 wt % stearic acid with respect to
polymer weight of the siloxane prepolymers in these emulsions
because the addition of more stearic acid caused the resulting
materials to become extremely brittle. This loading of stearic
acid is lower than that seen in the work from Cavicchi and co-
workers49 where a maximum loading of 43 wt % of stearic acid
was used in polyurethane foams. However, in their work, a
loading of ∼5 wt % stearic acid was sufficient to observe shape
memory behavior in their materials. The measured gel
contents and total porosities of all of the porous materials
prepared in this work are shown in Table 1.

We characterized the mechanical properties of the materials
using a rheometer operating in a compression mode, and
Young’s moduli of the polyMIPEs were obtained from the
linear slope of the linear elastic region of stress−strain curves
up to 30% compression. Young’s moduli values of the 30%
porosity materials increase from ∼4 kPa without stearic acid to
∼5 kPa upon the inclusion of stearic acid, and the high-
porosity materials possessing an ∼60% total porosity are softer
compared to the lower-porosity materials with Young’s moduli
of 0.6 kPa without stearic acid and 1.1 kPa with stearic acid.
We suggest that the modest increase in Young’s moduli in the
materials with stearic acid compared to the analogous materials
without stearic acid is a result of the crystalline stearic acid
acting to reinforce the relatively soft polysiloxane-based
network of the emulsion-templated materials. Thus, the
polyMIPEs can be infused with stearic acid without becoming
too hard and brittle to compress and expand.
We characterized the pore morphologies of the polyMIPEs

with and without stearic acid using SEM imaging, and the

results are shown in Figure 1. The materials prepared without
stearic acid or heating the emulsion prior to polymerization are
shown in Figure 1a,b, where Figure 1a is an image of the
material from the 30% volume-dispersed phase emulsion
template, and Figure 1b is the material from the 65% volume-
dispersed phase emulsion template. The pore morphologies of
the stearic acid composites are shown in the SEM images in
Figure 1c,d, where Figure 1c is an image of the material from
the 30% volume-dispersed phase emulsion template, and
Figure 1d is the material from the 65% volume-dispersed phase
emulsion template.
It can be seen in Figure 1 that while the control samples

have defined pore diameters of around 8−9 mm for the lower-
porosity materials and approximately 5−6 mm for the higher-
porosity materials, the stearic acid composites have nonuni-
form voids with end-to-end distances >100 mm. The porous
polymers without stearic acid have spherical-shaped pores,
while the materials containing stearic acid do not have a
defined pore wall shape. We confirmed that the change in pore
morphology is due to the presence of the stearic acid in the
template rather than the heating in the synthesis protocol by
preparing control samples with no stearic acid but using the
same heating steps. The pore morphologies of these heated
controls (Figure S5a,b) were identical to the materials
prepared without heating (Figure S6a,b). However, there are
noticeable differences in the pore morphologies of the
materials prepared with stearic acid and those materials
without. The addition of stearic acid causes the continuous
phase of the emulsion template to behave differently compared
to without the stearic acid. This may potentially be as a result
of the hydrophilic carboxylic acid groups in stearic acid
disrupting the aqueous droplets in the dispersed phase of the
emulsion. Alternatively, the stearic acid may act as a
cosurfactant in the emulsion template.
The polyMIPE shape memory behavior was evaluated by

fixing the materials in a compressed shape. First, materials of
∼6 mm height were submerged in boiling water for an hour
and then removed and placed between two glass slides. The
slides were compressed to ∼3 mm and held for 6 h at ambient
conditions. After this time, the height of the cylinder was
recorded. Glass slides were subsequently removed and the
fixed polyMIPEs were left at ambient conditions for 3 h and
their height was measured again. The programmed polyMIPEs
were then submerged in boiling water for an hour to recover
their initial shape, and their heights were measured a final time.
This process was repeated in 3 more cycles. The visual
appearance of a polyMIPE and its fixed analogue is provided in
Figure 2. After each recovery, the samples were placed under
compression rheology tests to determine their Young’s moduli.
This was done to elucidate whether or not the material’s
structural integrity was being damaged during compressive
programming of a temporary shape.
We also prepared control polyMIPEs to demonstrate the

effect of the stearic acid on SMP behavior. One control was
prepared without stearic acid, and a second was prepared
without stearic acid but still heating the emulsion. Neither of
these polyMIPEs exhibited shape memory properties, confirm-
ing that the observed shape memory behavior of our materials
is a result of the stearic acid within the PDMS-based networks.
We examined the SMP polyMIPEs using SEM imaging after

fixation to observe the pore morphology changes under
compression. SEM images of the fixed polyMIPEs are shown
in Figure 3.

Table 1. Measured Total Porosity and Weight of All
PolyMIPE Samples

samplea

gel
contentb

(%)
measured total
porosityc (%, ±2)

Young’s
modulus
(kPa)

low-porosity polyMIPE 96 30 4.0 ± 1.1

low-porosity
polyMIPE + stearic
acid

96 30 5.0 ± 2.75

high-porosity polyMIPE 96 62 0.6 ± 0.45

high-porosity
polyMIPE + stearic
acid

96 64 1.1 ± 0.87

a“Low” porosity refers to porous materials made using 30% dispersed
phase volume templates, and “high” porosity refers to porous
materials made using 65% dispersed phase volume templates. bValue
calculated as the average from three samples. cMeasured total porosity
was calculated using three separate samples, with the water
displacement method described in the Materials and Methods section.
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When comparing the fixed morphologies from Figure 3 with
their noncompressed analogues in Figure 1c,d, it appears that
the pores remain intact, which suggests that compressing the
materials to 70% did not result in either a collapse of the
internal porosity or widespread damage of the material.
We quantified the shape memory properties of the emulsion-

templated materials over four cycles of fixing and recovery
using shape fixity and recovery calculations from measure-
ments of the polyMIPE dimensions in their temporary and
permanent shapes.
The fixity values for both low- and high-porosity samples

were above 90% throughout each cycle where higher-porosity
samples have a slightly higher fixity (Figure 4). We suggest that
the higher fixity values in the more porous samples are a result
of these materials containing more void space, which allows for
easier deformation to the material and less propensity to push
back against deformation.

It is known that in some SMPs the fixity of the material can
be seen to reduce over time, often due to creep relaxation in
the polymer reducing the number of effective cross-links
caused by chain entanglements.52,53 For example, in previous
work from our group on glucose-functionalized polyurethane/
urea, we observed a fast relaxation within the first 30 h after

Figure 1. SEM images showing the pore morphology of (a) 31% porosity polyMIPE with no stearic acid; (b) 61% porosity polyMIPE with no
stearic acid; (c) 30% porosity polyMIPE with stearic acid; and (d) 64% porosity polyMIPE with stearic acid. The scale bar in the images is 50 μm.

Figure 2. Image showing the appearance of (left to right) fixed
polyMIPE, recovered polyMIPE, and thumbtack for size reference.

Figure 3. SEM images showing the pore morphology of polyMIPEs under shape fixation while compressed to ∼70% volume. (a) 30% porosity
polyMIPE and (b) 61% porosity. The scale bar in the images is 50 μm. (Images taken under the first cycle of fixity).

Figure 4. Fixity values in 4 subsequent cycles for PMVS/SA
polyMIPEs with low (∼30%) and high (∼60%) total porosities.
Data is averaged over three samples at each formulation.
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fixation due to a decrease in residual stress on polymer chains
that naturally occurs over time.54 To observe if a similar effect
was occurring in these polysiloxane/stearic acid blends, we
fixed materials on the first cycle and allowed them to rest at
ambient conditions for over 36 h while periodically measuring
their fixity score. The results from this experiment are shown in
Figure 5.

While we observed only small differences between high- vs
low-porosity materials with respect to initial fixity, when we
observed the fixity as a function of time, we saw different
behaviors in the two materials. Overall, the fixity remained
above 84% in the low-porosity samples, whereas the fixity
remained above 93% in the high-porosity samples. The fixity
values decreased over the first 24 h due to a fast strain
relaxation of polymer chains followed by fixity values
approaching a plateau at 36 h. This is similar to the behavior
observed in our prior work on porous polyurethane
materials.54 Interestingly, the high-porosity materials main-
tained a higher fixity score over time compared to the lower-
porosity materials. We attribute this behavior to the smaller
regions of polysiloxane between the pores in the ∼60%
porosity materials (i.e., the different pore morphologies). We
further tested the shape memory properties of the polysilox-
ane/stearic acid matrix in a nonporous material and observed
similar behavior of deformation recovery over time. Qualitative
images showing the loss in fixity over 36 h are depicted in
Figure S7. Compared to the porous polyMIPE materials, the
nonporous analogues tend to break under more than one cycle
of deformation.
The shape change of the polyMIPEs was measured as a

function of temperature (Figure 6) by fixing the materials and
then placing the materials into different water baths from set at
60−85 °C in steps of 5 °C and measuring their recovery
response. We observed a sharp change in shape in the materials
from 65 to 70 °C, which we suggest is due to the melting point
of stearic acid and the materials being porous.

The recovery of all polyMIPEs was above 95%, but the
higher total porosity samples had slightly higher recovery
(Figure 7).

All trends in shape memory behavior were consistent
throughout four cycles of compression on the polyMIPEs,
suggesting that these materials can be recycled multiple times.
We expected the recovery of the materials to be relatively high
and similar to each other due to the elastic nature of PDMS.
Furthermore, we have demonstrated that the shape fixing and
recovery of these PDMS-based polyMIPEs can be achieved
using alternative heating methods to immersion in hot water.
Specifically, we have used both a temperature-programmed
oven and a heat gun to provide rapid heating. The results from
these experiments can be found in Table S6, and images of the
shape memory cycles are presented in Figure S8.
We monitored Young’s moduli of samples after each

recovery cycle from the water-heating method to ensure that

Figure 5. Average fixity as a function of time for low-porosity (30, 30,
and 31%) and high-porosity (65, 63, and 60%) PMVS/SA polyMIPE
samples.

Figure 6. Changes in shape as temperature is increased from 60 to 85
°C. In the y-axis, lT=T is the length of the material at the temperature
of the observation and loriginal is the original length of the material
before fixing.

Figure 7. Recovery values in 4 subsequent cycles for PMVS/SA
polyMIPEs with low and high total porosities. (Low refers to
materials possessing an internal total porosity of ∼30%. High refers to
those with ∼60%).
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compressive programming was not damaging the material

(Figure 8).

Young’s moduli values decreased following each recovery
cycle in absolute values, although they remained statistically
consistent, suggesting no widespread breakage during
compressive deformation. We determined that the polyMIPEs
lost between 1 and 4% mass after the first heating process, and
we speculate that this could be a cause of the reduction in the
absolute value of Young’s modulus observed We confirmed the
insignificance in the change in Young’s modulus by performing
t tests on the data at 95% confidence interval, and no t-value
was higher than the p-value (Table S1). This result suggests
that these materials are resilient enough to be heated and
compressed repeatedly, at least over four cycles, without
breaking. We believe that the difference in shape memory
behavior and resiliency between the nonporous materials and
these polyMIPEs is a consequence of the polyMIPE porosity.
Due to the porous nature of the polyMIPEs, these materials are
fixed using compression as opposed to the twisting or
extension used in the nonporous materials. We believe that
the lower moduli of porous materials compared to analogous
nonporous materials (see Figure S9 and Table S7 for the
storage moduli of samples used in this work) result in easier
recovery of the permanent shape for the polyMIPEs.

■ CONCLUSIONS

A shape memory polyMIPE was successfully prepared by
mixing molten stearic acid into the emulsion-templated
precursor. To the best of our knowledge, this is the first
example of a PDMS polyMIPE capable of shape memory
properties, achieving fixity scores over 90% and recovery ratios
over 95% across multiple deformation cycles. By SEM imaging,
we confirm the drastic change in pore morphology when
molten stearic acid is added to the emulsion template. Higher
porosities yielded slightly improved shape memory perform-
ance initially but significantly improved performance over time.
Both samples (high and low porosities) exhibited a reduction
in the materials Young’s moduli upon each recovery cycle. We

anticipate that this chemistry can apply to several soft
polymers, which may broadly impact the design of new
shape memory polyHIPEs, and we envision that these
materials can be used in soft robotics and biomimetic
materials.
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